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Abstract—The large dependency of the imported fossil fuels and 
the soaring oil prices, makes essential the look for alternatives to 
the traditional people transportation system. The natural bet is 
the electric mobility, namely Electric Vehicles (EV), and Plug-in 
Hybrid Electric Vehicles (PHEV). This way, in this paper is 
analyzed the potential impacts of the battery charging systems on 
the grid power quality, in a Smart Grid context. It is considered 
the current consumed, according to a typical electric 
consumption profile, and the voltage degradation for a large 
number of houses. Two different types of EV batteries chargers 
were considered: a traditional charger; and a smart charger with 
sinusoidal current consumption and unitary power factor. It 
presents simulation results of the integration of EVs and PHEVs 
in terms of power quality, and experimental results of a smart 
charger which was specially developed for EV charging and that 
allows mitigation of the power quality degradation. 
Keywords: Electric Vehicles, Plug-in Hybrid Vehicles, Smart 
Charge, Power Quality, Smart Grids 
I.  INTRODUCTION 
Nowadays, due to the large dependency of the imported 
fossil fuels and the soaring oil prices, makes essential the look 
for alternatives to the traditional people transportation system, 
mainly support by road vehicles. The alternatives should also 
limit greenhouse gases as CO2 in order to reduce global 
warming and to meet Kyoto restrictions. 
A great part of the oil consumption is nowadays allocated 
to the transportation sector and a large portion is used by road 
vehicles. According to the international energy outlook report, 
the transportation sector is going to increase its share in 
world's total oil consumption by up to 55% by 2030 [1]. Thus, 
with the technological development, the natural bet is a 
revolution in the transportation sector aiming the electric 
mobility. This could be obtained implementing alternatives to 
the vehicles with Internal Combustion Engines (ICE), such as 
Electric Vehicles (EV), Plug-in Hybrid Electric Vehicles 
(PHEV), and Fuel-Cell Electric Vehicles (FCEV). These 
alternatives are becoming increasingly popular, as 
demonstrated with the various vehicles available in the 
market, mainly EVs (as Nissan Leaf) and PHEVs (as Toyota 
Prius). These vehicles were designed to allow the charging of 
the batteries at home, from a standard outlet, or on a public 
vehicle park. When a vehicle is plugged into the electrical 
grid, theoretically it is possible to have a bidirectional flux of 
energy. This interactivity between the EVs and PHEVs, with 
the electrical grid is expected to be one of the key technologies 
in the future of the Smart Grids concept. In this context, in [2] 
is approached the future of the electrical grid focusing the 
impact of the PHEV in a Smart Grid, and in [3] is presented a 
concrete case of a technology to integrate EV with Smart 
Grids. With the large scale integration of renewable energy 
sources into the electrical grid, the batteries of the EVs and 
PHEVs can play an important role for smoothing the natural 
intermittency of the renewable energy sources and to ensure 
the electrical grid stability in terms of voltage and frequency. 
It is known that the EVs battery charging systems affect 
the electrical distribution system, and that contributing to the 
degradation of the power quality [4]-[8]. In a report published 
by the California Energy Commission [7] is presented a study 
about the impact of the residential electric vehicles charging 
systems. As example, for the GM EV1 the Total Harmonic 
Distortion (THD) of the current has a variation from 3 % (at 
beginning of charging) to 28.11 % (at end of charging). For 
this vehicle, and to these two periods, the power factor has a 
variation from 1 to 0.96. In this report are also presented 
others results about others EV. Similar study is presented in 
[9]. In this sense, it is clear that the simultaneous use of a great 
number of EV chargers on the electrical distribution grid could 
cause a significant increase in the power quality. 
In this paper it is presented the impact of the EV battery 
chargers on the power quality in a Smart Grid context, mainly 
the comparison in terms of the variation of the THD. It is done 
considering the current consumed and the voltage degradation 
for a large number of houses each one with one EV, 
considering two different types of EV batteries chargers: a 
traditional charger; and a smart charger with sinusoidal current 
consumption and unitary power factor. This paper presents 
experimental results of a smart charger which was specially 
developed for EV charging. 
II. SMART GRID: EVS INTEGRATION 
The EVs have a great potential (due to their stored energy 
in the batteries) to interact with the electrical grid. This 
interaction in a Smart Grid context encourages the 
development of different technologies and approaches as 
Vehicle-to-Grid (V2G). 
A. Vehicle-to-Grid 
As defined by Mid-Atlantic Grid Interactive Cars 
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Consortium (MAGICC) [10], V2G technology utilizes the 
stored energy in the EV batteries to contribute with electricity 
back to the grid when the grid operators request it. This 
technology makes an interaction between vehicles and grid, in 
order to control the needs of both. 
B. Power Quality 
Basically, the power quality is affected by the non-linear 
current consumption of some loads, i.e. the THD of this 
current. The main problems in power quality are: harmonics; 
noise (electromagnetic interference); inter-harmonics; 
momentary interruption; sag; swell; flicker; notches; and 
transients. As way to resolve these problems are used active 
power filters as: Shunt Active Power Filters; Series Active 
Power Filters; and Unified Power Quality Conditioner. In 
literature several papers already were presented related with 
the power quality and the grid. 
In the particular case of Portugal, in [11] is analyzed the 
impact of PHEVs in the electric utility system, where, 
basically is approached the Portuguese consumption profile. 
Several scenarios of PHEVs penetration are studied 
considering the concept Grid-for-Vehicle (G4V) (transference 
of energy from grid to vehicle) as first approach. The impacts 
of battery charging rates of EVs on Smart Grid distribution 
systems are approached in [12]. For this goal were compared 
charging rates, different charging periods along a day, were 
considered the existing system load profiles, and was 
evaluated the overall performance of the electrical distribution 
system. The integration of EVs in the electrical grid is 
approached in several papers in the literature [13]-[15], as the 
integration of PHEVs in different part around the world, as in 
Canada [16], Sweden [17], and China [18]. In this context, 
also for isolated systems, in [19] is analyzed the impact of the 
EVs in the electrical power grid. 
C. Charging Process 
The charging or discharging process of the batteries of the 
EVs can be realized in two different shapes: coordinated or 
uncoordinated. 
Coordinated Charging: with this profile, the batteries of the 
EVs are charged or discharged according the capabilities of 
the electrical grid in real time and the needs of the vehicle 
owner. In this context different parameters are taken into 
account, mainly the price of energy to sell or buy and the 
remaining energy stored in the batteries, their State-of-Charge 
(SoC). In [20] is proposed an autonomous distributed vehicle-
to-grid control scheme, and in [21] is presented a coordinated 
charging of multiple PHEVs in residential distribution grids. 
The integration of EVs in the electrical grid, describing 
technical solutions is present in [22]. 
Uncoordinated Charging: from the moment which the 
vehicle is plugged into the electrical grid the charging can 
starts immediately or after a fixed time delay (controlled by 
the user). With this uncoordinated charging the power 
consumption (due to the large number of EV to charge) will be 
great and will bring problems to the electrical grid. The 
discharging of the batteries directly to the electrical power grid 
is made without the performances of the coordinated charging. 
This is the most common charge procedure. As presented in 
[23] for the Portuguese case, in medium term, the smart 
charge will be necessary in order to prevent a large peak of 
energy demand from the electrical power grid. 
D. Battery Charger Especifications 
Independently the shape, the EV charging process can be 
on-board, off-board, conductive or inductive. An on-board 
charging system refers to a charger implemented inside the 
vehicle. The user only accesses the input of the charge. This 
charger is used to charge the bank of batteries slowly, 
denominated slow charge (AC voltage). On other hand, an off-
board charger system is implemented out of the vehicle, and 
access directly the bank of batteries (DC voltage). Contrarily 
of the on-board charger, this is used to charge the batteries as 
fast as possible, denominated fast charge. The conductive 
charge presupposes a physical contact between the off-board 
chargers, instead, with the inductive charger there are not a 
physical contact between both. Independently of the charger 
type, the interaction between the EVs and PHEVs with the 
electrical grid should comply with the norms. The main norms 
presented by the International Electrotechnical Commission 
(IEC) are IEC 62196 and IEC 61851. 
III. EV BATTERY CHARGER DESIGN 
EVs are becoming a part of the electric grid day by day, 
and consequently, the chargers for these vehicles have the 
ability to make this interaction better for the consumer and for 
the electrical grid. An EV battery charger is a device that is 
composed of one or more power electronics circuits used to 
convert the AC electrical energy into DC with an appropriate 
voltage level in order to charge the batteries. It has the 
potential to increase charging availability of the EVs since it 
can operate as a universal converter accepting different 
voltage and power levels. An advanced charger performs 
several functions in addition to the charging operation for 
better grid integration, mainly taking into account the power 
quality. Independently the level of the charging, to the 
integration of the EVs in a Smart Grid context aiming the 
power quality, the chargers should consume sinusoidal current 
with unitary power factor. In Fig. 1 is presented the EV 
batteries charger developed. This charger consumes sinusoidal 
current with unitary power factor, has fewer components when 
compared to more complex topologies, and allow operate in 
two different ways: as charger or discharger. 
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Figure 1. Topology of the EVs charger. 
As illustrated this converter is composed by two main 
parts: the bidirectional power converter (composed by the 
inductances, capacitors, and IGBTs); and the control system 
(composed by the microcontroller DSP, the signal 
conditioning, the command drivers and the drivers). 
IV. SIMULATION METHODOLOGY 
In this item is described the potential impacts of EV and 
PHEV on the electrical grid, including a typical electric 
consumption profile, focusing the power quality, mainly the 
system voltage and the consumed current. Thus, for all the 
simulations were considering fifteen houses, each one with 
different loads profiles, including an EV which may have a 
traditional charger or a smart charger. In a traditional batteries 
charger the current consumed is distorted and the power factor 
is near the unit, meaning a high value of THD. Otherwise, in a 
smart batteries charger, the current consumed is sinusoidal and 
the power factor is unitary, representing a small value of THD. 
In this scenario, the simulation methodology aims 
determine how the EVs batteries chargers affect the power 
quality, taking into account these fifteen houses and the line 
impedance. Due to the houses are connected to the same 
distribution transformer, other parameter analyzed is the 
voltage, both in the distribution transformer as in the last 
house (house that is more distant from the distribution 
transformer). This is a parameter which cannot be despised, 
because although in the houses near from the distribution 
transformer the voltage is little affected, due to the line 
impedance between houses, the voltage in the house more 
distant will be affected, which represent an increase in their 
THD, and consequently, can cause problems of 
malfunctioning to the others loads of this house. This 
representation is in Fig. 2. 
V. SIMULATION RESULTS 
In order to analyze the behavior of the EV in the electrical 
grid, mainly their impact in terms of power quality, were made 
different simulations using the simulation tool PSIM. In these 
simulations were included the traditional loads present in most 
homes, as well as their profiles of consumption current. These 
loads are summarized in the Tab. I. 
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Figure 2. Simulation methodology: all houses with EVs. 
TABLE I.   TRADITIONAL LOADS PRESENT IN MOST HOMES 
Symbol Description 
Voltage and 
Current 
Power 
(W) 
THD 
v (%) 
THD 
i (%) 
 
bridge 
rectifier 
with C filter  
30 0.12 150 
 
RL load 
 
110 0.01 0.37 
 
R load 
 
527 0.01 0.01 
 
AC-AC 
converter 
 
258 0.31 20.7 
A. Single House 
In this item, in Fig. 3 are presented the current consumed 
for a single house with all the loads connected to the electrical 
grid, for the following situations: (1) a house without EV; (2) 
a house with a traditional EV charger (without sinusoidal 
waveform current consumption); and (3) a house with a smart 
EV charger (with sinusoidal waveform current consumption). 
In Tab. II are summarized the obtained values of THD and 
RMS of the voltage and current. For this simulation when the 
EV with a traditional charger is in charging, the increase of 
THD is 79.6 %. Otherwise, if the EV has a smart charger the 
THD is reduced to 2.9 %. Due to the high current consumed 
when compared with the other loads, the integration of the EV 
with a smart charger will improve the power quality. 
B. Neighborhood (all houses only with EVs) 
In Fig. 4 are shown the current consumed (when the only 
loads are the EVs) and the voltage in the last house for the 
following situations: (1) a house with a traditional EV charger; 
and (2) a house with a smart EV. In Tab. III are summarized 
the THD and the RMS values of the voltage and the current. 
As presented, for this simulation (only with the EVs of all 
houses), the difference of THD from both simulations is 
74.3 %. This difference of THD is abrupt and represents a 
determinant factor of power quality. In addition, as shown the 
voltage THD in the last house is very affect by the THD of the 
current consumed when the EV charger is the traditional 
(7.3 %). Otherwise, if the EV has a smart charger, the THD of 
the voltage more reduced (3.3 %). If consider more houses, the 
voltage THD in the last house will be more affected, 
representing other serious problem of power quality. 
C. Neighborhood (all houses with all loads) 
In this item, in Fig. 5 are presented the distribution system 
voltage and the current consumed by the neighborhood with 
all the loads connected to the electrical grid, for the following 
situations: (1) all houses with a traditional EV charger; (2) all 
houses with 60 % of the EV smart charger; and (3) all houses 
with a smart EV charger. In Tab. IV are summarized the 
obtained values of THD and RMS of the voltages and the 
current consumed. As shown the voltage THD in the electrical 
grid is more affected when the EVs have a traditional charger. 
To the same point in the electrical grid the difference of the 
voltage THD is 1.8 %. On the other hand, the current 
consumed THD is reduced from 51.6 % to 1.8 %, representing 
a 49.8 % gain. 
  
 
Figure 3. Current consumed for a single house with all the loads connected 
to the electrical grid: (1) a house without EV; (2) a house with a traditional 
EV charger; (3) a house with a smart EV charger. 
 
 
Figure 4. Current consumed and voltage in the last house: (1) a house with a 
traditional EV charger; (2) a house with a smart EV charger. 
 
 
 
Figure 5. Distribution system voltage and current consumed with all the 
loads connected to the electrical grid: (1) all houses with a traditional EV 
charger; (2) all houses with 60 % of the EV smart charger; (3) all houses with 
a smart EV charger. 
TABLE II.   THD AND RMS VALUES OF THE VOLTAGE AND CURRENT 
 
current (ii) 
(1) (2) (3) 
THD (%) 7.67 87.3 2.86 
RMS 3.50 (A) 10.7 (A) 10.5 (A) 
TABLE III.   THD AND RMS VALUES OF THE VOLTAGE AND CURRENT 
 
(1) (2) 
voltage (vi) current (ii) voltage (vi) current (ii) 
THD (%) 7.28 75.2 3.30 0.95 
RMS 228 (V) 90.2 (A) 229 (V) 111 (A) 
TABLE IV.   THD and RMS VALUES OF THE VOLTAGE AND CURRENT 
 
before after 
voltage (vi) current (ii) voltage (vi) current (ii) 
(1) 
THD (%) 0.40 7.66 2.87 51.6 
RMS 230 (V) 52.3 (A) 228 (V) 168 (A) 
 (2) 
THD (%) 0.40 7.66 1.62 19.5 
RMS 230 (V) 52.3 (A) 229 (V) 188 (A) 
 (3) 
THD (%) 0.40 7.66 1.06 1.82 
RMS 230 (V) 52.3 (A) 229 (V) 207 (A) 
ii 
ii 
ii 
vi  ii 
vi  ii 
vi  ii 
vi  ii 
vi  ii 
(1) 
(2) 
(3) 
(1) 
(2) 
(3) 
(1) 
(2) 
VI. PROPOSED CHARGER: EXPERIMENTAL RESULTS 
A prototype of the charging and discharging system was 
implemented in laboratory. It consists in two bidirectional 
power converters, one AC-DC and other DC-DC. In Fig. 6 are 
shown the IGBTs modules of the power converters (with 
drivers and snubber capacitors), mounted in the same heatsink. 
In Fig. 7 is shown the voltage (vi), the current (ii) and the 
current reference (iref) in the electrical grid side. As shown in 
this figure until the start-up (made at t=0.018s) the AC-DC 
converter is not in functioning, and consequently, the current 
waveform is not sinusoidal. From the start-up the consumed 
current waveform is sinusoidal and in phase with the voltage, 
without any kind of transitory disturbance. From this moment 
the voltage in the DC bus increases. As shown in Fig. 8, in 
steady state, the consumed current (ii) is sinusoidal and in 
phase with the voltage (vi). In Fig. 9 is showed the voltage in 
electrical grid side (vi), the current consumed (ii), the voltage 
in the DC bus (vcc), the voltage in the bank of batteries (vo), 
and the current consumed by the bank of batteries (io). On the 
other hand, in Fig. 10 is shown the obtained results to the 
voltage (vi) and to the current (ii) in the electrical grid side 
during the delivering of the stored energy of the bank of 
batteries to the electrical grid. As shown, the injected current 
is sinusoidal and phase opposition with the voltage. 
 
Figure 6. AC-DC and DC-DC IGBTs modules of the power converters. 
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Figure 7. Experimental results: start-up of the EV smart charger. 
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Figure 8. Experimental results: current and voltage in phase during charging. 
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Figure 9.  Experimental results: current and voltage in phase during charging. 
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Figure 10. Experimental results: current and voltage in phase during 
discharging. 
VII. CONCLUSION 
In this paper was analyzed the potential impacts of the 
Electric Vehicles (EV) and Plug-in Hybrid Electric Vehicles 
(PHEV) on the electrical power grid, including the typical 
residential profile of electrical consumption. Thus, was 
explored the new EV paradigm aiming their integration in the 
electrical power grid - Vehicle-to-Grid (V2G), focusing the 
power quality associated with this integration, mainly the 
system voltage and the consumed current profiles. In this 
paper is illustrated how the EV integration  affect the power 
quality, where we can conclude which if the vehicle charger 
consume sinusoidal current waveform with unitary power 
factor, the THD of the total current in the electrical grid is 
drastically reduced, and the voltage is not affected. 
For the case example shown, with all the loads connected 
to the electrical grid, the current consumed THD is reduced 
from 51.6 % (traditional EV charger) to 1.8 % (smart charger). 
On the other hand, for the same example, the voltage in the 
last house (house that is more distant from the distribution 
transformer) is affected by a 7.3 % voltage drop, which can 
cause problems of malfunctioning to the others loads of this 
house. 
Also in this paper, it was presented a battery charger for 
EV that allows mitigates the power quality degradation. Along 
the batteries charging cycle, this charger consumes sinusoidal 
current with unitary power factor, and allows control the 
voltage and current in the batteries in order to maximize the 
batteries lifespan. Beyond the charging, this system allows 
discharge a small part of the stored energy in the batteries 
back to the electrical grid, which can be, in the near future, an 
interesting solution during short periods of times when occur 
peaks of energy demand in the electrical system. 
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